A thorough study has been made of the physical properties under high pressure of the perovskite BaRuO 3 synthesized under pressure; it includes the critical behavior in the vicinity of T c to 1 GPa and the temperature dependences of resistivity and ac magnetic susceptibility up to 8 GPa. The ferromagnetism in BaRuO 3 is suppressed at 8 GPa. Critical fluctuations in the vicinity of T c have been found in BaRuO 3 and they are enhanced under pressure. These observations are in sharp contrast to SrRuO 3 where mean-field behavior is found at T c . DOI: 10.1103/PhysRevLett.101.077206 PACS numbers: 75.30.Et, 75.10.Lp, 75.40.Às In a very weak itinerant-electron ferromagnetic (VWIEF) system where the exchange energy separates energies of spin and spin slightly, the single-particle excitations can be expanded versus temperature over the temperature range T=T F ( 1, where T F is the Fermi temperature. This is the basis for Wohlfarth [1] to derive the relationship MðH; TÞ 2 ¼ Mð0; 0Þ 2 ½1 À ðT=T c Þ 2 þ 2 0 H=MðH; TÞ; which gives parallel lines of the isothermal M 2 versus H=M within T ¼ T c AE , i.e., the Arrott plot. The VWIEF ZrZn 2 is a prototype in this mean-field universality class [2] . However, most metallic ferromagnets covering a broad range of systems such as Ni In comparison with ZrZn 2 , the observation of a mean-field behavior near the ferromagnetic transition temperature in the metallic perovskite SrRuO 3 [9] is highly unusual since the saturation magnetization at the lowest temperature, although it remains below the spinonly value, is clearly beyond the criterion of ''very weak magnetization.'' Therefore, the mean-field universality class and the ferromagnetism itself found in SrRuO 3 may not be rationalized through the procedure that Wohlfarth has used to treat the VWIEF system. The effects of chemical substitution, stress, and hydrostatic pressure may provide some important clue for understanding the peculiar critical behavior of SrRuO 3 . By studying a thin-film sample of SrRuO 3 , Klein et al. [10] have shown that the epitaxial stress not only lowers T c by about 10 K but also introduces a totally different universality class of critical fluctuations. Ca doping in the perovskites Sr 1Àx Ca x RuO 3 , however, creates more problems than it helps to solve. Ca substitution suppresses the ferromagnetic state [11] . The complicated isothermal magnetization, perhaps due to variance effects of different electronegativity and ionic size between Ca 2þ and Sr 2þ , make an analysis of the critical behavior in perovskites Sr 1Àx Ca x RuO 3 difficult, if not impossible. As for the end member CaRuO 3 , it no longer shows any magnetic ordering. The success of synthesizing under high pressure ferromagnetic, cubic BaRuO 3 with T c ¼ 60 K brings a new opportunity to reveal the effects of crystal structure and of electronegativity of the A-site ion on the critical behavior. Moreover, we have carried out isothermal MðHÞ measurements under high pressure in order to find the evolution as a function of pressure of the critical behavior of the perovskite BaRuO 3 .
In a very weak itinerant-electron ferromagnetic (VWIEF) system where the exchange energy separates energies of spin and spin slightly, the single-particle excitations can be expanded versus temperature over the temperature range T=T F ( 1, where T F is the Fermi temperature. This is the basis for Wohlfarth [1] to derive the relationship MðH; TÞ 2 ¼ Mð0; 0Þ 2 ½1 À ðT=T c Þ 2 þ 2 0 H=MðH; TÞ; which gives parallel lines of the isothermal M 2 versus H=M within T ¼ T c AE , i.e., the Arrott plot. The VWIEF ZrZn 2 is a prototype in this mean-field universality class [2] . However, most metallic ferromagnets covering a broad range of systems such as Ni [3] , CrO 2 [4] , Sr 2 FeMoO 6 [5] , and La 1Àx A x MnO 3 (A ¼ Ca, Sr, Ba) [6] [7] [8] show significant critical fluctuations as T c is approached from T À c and T þ c . In comparison with ZrZn 2 , the observation of a mean-field behavior near the ferromagnetic transition temperature in the metallic perovskite SrRuO 3 [9] is highly unusual since the saturation magnetization at the lowest temperature, although it remains below the spinonly value, is clearly beyond the criterion of ''very weak magnetization.'' Therefore, the mean-field universality class and the ferromagnetism itself found in SrRuO 3 may not be rationalized through the procedure that Wohlfarth has used to treat the VWIEF system. The effects of chemical substitution, stress, and hydrostatic pressure may provide some important clue for understanding the peculiar critical behavior of SrRuO 3 . By studying a thin-film sample of SrRuO 3 , Klein et al. [10] have shown that the epitaxial stress not only lowers T c by about 10 K but also introduces a totally different universality class of critical fluctuations. Ca doping in the perovskites Sr 1Àx Ca x RuO 3 , however, creates more problems than it helps to solve. Ca substitution suppresses the ferromagnetic state [11] . The complicated isothermal magnetization, perhaps due to variance effects of different electronegativity and ionic size between Ca 2þ and Sr 2þ , make an analysis of the critical behavior in perovskites Sr 1Àx Ca x RuO 3 difficult, if not impossible. As for the end member CaRuO 3 , it no longer shows any magnetic ordering. The success of synthesizing under high pressure ferromagnetic, cubic BaRuO 3 with T c ¼ 60 K brings a new opportunity to reveal the effects of crystal structure and of electronegativity of the A-site ion on the critical behavior. Moreover, we have carried out isothermal MðHÞ measurements under high pressure in order to find the evolution as a function of pressure of the critical behavior of the perovskite BaRuO 3 .
Details of high-pressure synthesis and characterizations of the perovskite BaRuO 3 can be found in a previous publication [12] . The measurements of isothermal magnetization were carried out in a SQUID magnetometer (Quantum Design). The correction for demagnetization was found to have a negligible influence in determining the final critical exponents. We have dropped this correction in analyzing the isothermal MðHÞ under pressure since detecting the low-field response from the sample is impossible due to the contribution from the pressure cell. The isothermal MðHÞ under pressure were measured with a miniature Cu-Be cell fitting the SQUID magnetometer. A piece of Pb as the pressure manometer, the sample, and a mixture of 3M Florinert FC77 þ FC70 as the pressure medium were sealed in a Teflon capsule. Measurements of the dc resistivity and the ac magnetic susceptibility under pressure to 8 GPa were carried out with a cubic anvil apparatus [13] ; the sample assembly is similar to that used in the Cu-Be cell. The pressure inside the high-pressure chamber was determined by a calibrated curve of pressure versus loading.
As seen in Fig. 1(a) , the plot of M 2 versus H=M of the perovskite BaRuO 3 at ambient pressure does not give parallel linear lines as expected by mean-field behavior. Instead, a modified Arrott plot of the Heisenberg model gives nearly linear parallel lines for temperatures near T c at
week ending 15 AUGUST 2008 0031-9007=08=101 (7)=077206 (4) 077206-1 Ó 2008 The American Physical Society which the plot M 1= versus ðH=MÞ 1= goes through the origin as shown in Fig. 1(b) . The fitting M 1= versus ðH=MÞ 1= with a polynomial at high fields gives M s or 0 for each temperature below and above T c , which is plotted in Fig. 1 Fig. 2 (c) and leaves no clear sign how the parameter changes within the accuracy provided in our experiment. The effect of nonhydrostatic stress on the critical behavior should be negligible since the highest pressure used is below the solidification pressure P % 0:9 GPa of 3M Florinert.
In the same way [9] as in SrRuO 3 , ðTÞ of BaRuO 3 shows an anomaly at T c , see Fig. 3(a) . As monitored by the anomaly of d=dT versus T in Fig. 3(b) , T c reduces under pressure at lower pressures, which is consistent with the result of the critical behavior analysis in Fig. 2(c) . It is interesting that T c of BaRuO 3 drops dramatically at low pressures; it saturates at P > 3 GPa and the magnitude of the anomaly of d=dT at T c collapses as pressure increases. In contrast, a constant dT c =dP % À7 K=GPa and no sign of T c saturation has been obtained in the bulk sample SrRuO 3 [14, 15] . These two features of BaRuO 3 are characteristic of a two-phase coexistence. We have confirmed the collapse of the ferromagnetism by a measurement of ac magnetic susceptibility under pressure in Fig. 3(c) . The signal at T c reduces dramatically with pressure, it falls to the background at 8 GPa. The small hump of at 12 K under 8 GPa is due to the magnetic contribution from the WC anvils since it is also shown in the measurements under lower pressures. This signal is enhanced under pressure since anvils move closer to the coils. The perovskite BaRuO 3 is terminated by the emergence of a two-phase region consisting of the ferromagnetic phase and a paramagnetic metallic phase under high pressure, which shows that the transition to a paramagnetic metallic phase is first order. This important observation distinguishes clearly the ferromagnetic phase of the perovskite BaRuO 3 from the VWIEF ZrZn 2 , for instance, which remains a single phase while T c is suppressed under pressure [16, 17] . Moreover, the pressure dependence of T c of the cubic BaRuO 3 in Fig. 4 does not follow the prediction of T c ðPÞ ¼ T c ð0Þð1 À P=P c Þ 0:5 from a model of VWIEF [18] . Although the difference between the ferromagnetic BaRuO 3 and the VWIEF ZrZn 2 is distinct, the two perovskites BaRuO 3 and SrRuO 3 share several common characteristics such as a similar structure, similar eff in the paramagnetic phase, and a higher saturation moment at low temperature. T c in the bulk sample SrRuO 3 , however, does not saturate and no two-phase region has been observed at the highest pressure so far. SrRuO 3 appears to have a narrower bandwidth than that of BaRuO 3 , so it stays away from the transition to a paramagnetic metallic phase. The question is whether this difference is enough to account for a dramatic change of critical behavior between them.
The ferromagnetic phase in the perovskite BaRuO 3 terminates under pressure at a temperature that is significantly higher than the lowest T c of ZrZn 2 under pressure. ZrZn 2 exhibits quantum critical behavior in the vicinity where T c vanishes under pressure [19] . One of characteristics for a phase with quantum critical fluctuations is to show the power law ¼ 0 þ T n (n < 2) at low temperatures where a charge or spin ordered phase is suppressed [20] , which has been observed in many systems, for example, CeCu 2 Si 2 [21] , URu 2 Si 2 [22] , SmB 6 [23] , MnSi [24] , and PrNiO 3 [25] . A power-law analysis on the ðTÞ of BaRuO 3 was made and fitting results are shown in Fig. 5 . The exponent n as a function of pressure in Fig. 4 shows an interesting evolution from n % 1:85, which is close to n ¼ 2 for the Fermi-liquid (FL) phase at ambient pressure, to n % 1:4 of a non-Fermi-liquid (NFL) phase at a pressure where the ferromagnetic phase collapses. In contrast, a Fermi-liquid phase has been reported for SrRuO 3 [26] . This observation indicates that quantum critical fluctuations dominate at low temperatures not only near the vicinity where the ferromagnetic phase collapses but also over a broad pressure range in BaRuO 3 ; the influence can also be seen even at ambient pressure. Although the effect of quantum critical fluctuations may become negligible at a dR/dT(10 temperature as high as T c for this compound, thermodynamically driven phase fluctuations between the ferromagnetic phase and a paramagnetic phase, which is clearly seen at high pressures, could influence the critical behavior for the magnetic transition.
In comparison with the orthorhombic SrRuO 3 , the bandwidth broadens significantly in the cubic BaRuO 3 due to a 180
Ru-O-Ru bond angle and the large difference of electronegativity between Sr 2þ and Ba 2þ , which may contribute to a reduced saturation magnetic moment 0:8 B =Ru from 1:4 B =Ru in SrRuO 3 and a dramatic reduction of T c observed in the cubic BaRuO 3 in accordance with a general argument of itinerant-electron ferromagnetism [1] . However, these factors should make the magnetic transition of BaRuO 3 closer to the mean-field universality class than SrRuO 3 in the context of a model of VWIEF. We are forced to look for an alternative explanation for critical fluctuations observed in BaRuO 3 . Critical fluctuations are confined within a temperature range determined by the Ginzburg criterion
0 , where ÁC is the specific heat discontinuity at T c and 0 is the coherence length at zero temperature. The critical scattering at T c causes an anomaly in ðTÞ as seen more clearly in the curve of d=dT versus T in Fig. 3(b) . The anomaly of d=dT versus T resembles the profile of C p vs T at T c as predicted by Fisher and Langer [27] . A similar behavior occurs in both perovskites SrRuO 3 and BaRuO 3 . Therefore, we can have an estimation of the t G change between them by comparing the Á=ðd=dTÞ at T c , where Á is the discontinuity of d=dT at T c : Á=d=dT % 0:7 in SrRuO 3 [9] and %0:2 in BaRuO 3 . This comparison indicates that critical fluctuations in BaRuO 3 should be present in a scaling temperature range that is about 1 order of magnitude higher than that of SrRuO 3 . Also, t G is expected to increase under pressure since the magnitude of the anomaly in dðTÞ=dT reduces dramatically as pressure increases, as can be seen in Fig. 3(b) . This comparison and the pressure dependence are consistent with the significantly enhanced critical fluctuations observed in the perovskite BaRuO 3 at ambient pressure and under high pressure.
Although we cannot borrow the same mathematics used in the VWIEF system to justify the isothermal M 2 vs H=M observed in the perovskite SrRuO 3 , a general argument [28] how the mean-field model breaks down offers an important guide to this problem. The larger the number of spins that interact with a test spin, the more the test spin sees an effective average or mean field. The fluctuations are large and important for a test spin with a reduced number of neighboring spins. Whereas SrRuO 3 and BaRuO 3 share a similar number of near-neighbor Ru atoms, the fraction of Ru atoms carrying a spin is apparently reduced as the transition to Pauli paramagnetism is approached in BaRuO 3 . A fast probe such as neutron inelastic scattering or NMR [29] could be useful to verify this key difference between SrRuO 3 and BaRuO 3 .
In conclusion, two perovskites SrRuO 3 and BaRuO 3 share some common characteristics in both their paramagnetic and ferromagnetic phases, but they are sharply different in terms of critical behavior at the ferromagnetic transition. The transition in SrRuO 3 falls into the meanfield universality class whereas BaRuO 3 exhibits significant critical fluctuations as described by the 3D Heisenberg model. Moreover, its critical fluctuations are enhanced under pressure. The ferromagnetic phase in BaRuO 3 collapses under high pressure in a first-order transition to a paramagnetic phase. A non-Fermi-liquid behavior due to quantum critical fluctuations has been found at low temperatures in BaRuO 3 under a broad range of pressure. Severe fluctuations in the fraction of Ru that carry a spin on transitioning with pressure to a paramagnetic phase in BaRuO 3 destroy the uniform ferromagnetic coupling, which enhances the critical fluctuations at the magnetic transition in BaRuO 3 .
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